We resampled an experimental plot established 11 years previously in the dry interior of British Columbia to test the ability of crested wheatgrass and Russian wild rye to suppress the invasion of diffuse knapweed. Knapweed density was high in non-seeded plots, moderate in Russian wild rye plots, and very low in crested wheatgrass plots. Watering experiments indicated that lack of soil moisture resulted in high seedling mortality and prevented knapweed invasion into crested wheatgrass plots. Diffuse knapweed reinvaded a similar experimental area in a higher rainfall region of B.C., which shows that the same cultural practices will have different effects on knapweed suppression under different climatic regimes.
Study Plots
The study sites are described by Hubbard (1975) and additional valuable details were provided by Mr. Alf Bawtry (B.C.M.A., Kamloops).
The Cache Creek site is adjacent to the Bonaparte Indian Reserve, approximately 6.5 km N of Cache Creek. In spring 1967, a knapweed infested area was treated with picloram at 0.14, 0.28, 0.42 and 0.56 kg/ha and planted with Russian wild rye and crested wheatgrass using a rangeland drill. Similar treatments were applied in 1969 at Pritchard. We first visited the Cache Creek site in early May 1978 and the nonuniform pattern of knapweed invasion was so striking that we decided to quantify the pattern and set up seeding experiments in an attempt to determine what was limiting the spread of diffuse knapweed at the site. The Pritchard plot was Diffuse knapweed (Cenraurea dij&sa) has become an important completely reinvaded by knapweed and we only record that obserrangeland weed in the dry interior of British Columbia (Harris and vation and discuss the significance here.
Cranston 1979). The rapid invasion of rangeland by this weed shows it to be a vigorous competitor with the native vegetation. But

Methods an unanswered question is whether knapweed can invade range in
On May 15 we set up three pairs of I/ 4-m2 plots in the CWG area good condition, or only range that has been disturbed or to determine if water or the soil seed bank was limiting knapweed overgrazed. establishment here. We seeded two of these three pairs with 400 As part of a study to investigate this question, we examined the diffuse knapweed seeds. Prior to seeding, the surface of one pair of status of experimental areas set up by the British Columbia Minisplots was broken to a depth of 2-3 cm with a rake. The third pair try of Agriculture and the Agriculture Canada Research Station, was not seeded, but the surfaces of both plots were broken. One Kamloops, in 1967, 11 years prior to our visit. These areas were member of each pair received 9 liters Hz0 at weekly intervals treated with picloram (4 amino-3,5,6, trichloropiclinic acid) and through June. planted in crested wheatgrass (CWG), Agropyron cristatum, and On June 2, an additional 6 pairs of 1 /4-m2 plots were set up in the Russian wild rye (RW R), Elymus junceus. One experimental area CWG to test the effects of watering. The surfaces of all the plots is near Cache Creek, B.C., where the precipitation is only 20 cm a were broken, and each was seeded with 1000 diffuse knapweed year, and another near Pritchard, B.C., which is somewhat moister seeds. Three of the pairs were mulched with a 2-3 cm layer of hay. with an annual precipitation of approximately 33 cm a year. Both At sowing one member of each pair was watered with 9 liters H20. areas are in the brown chernozemic soil zone and the Ponderosa At subsequent weekly waterings through June, mulched plots pine-bunchgrass biogeoclimatic zone (Farley 1979 ) and the lower received only 4.5 liters Hz0 instead of the 9 liters put on the grassland (Agropyron-Artemisia) vegetation zone (van Ryswyk et unmulched plots. During June and on 14 July, the plots were al. 1966).
checked for the presence of knapweed seedlings. The plots were These experiments allowed us to investigate the ability of diffuse checked again on May 25 and July 25, 1979. knapweed to invade rangeland planted in grass and protected from On May 30, 1978 we measured diffuse knapweed density along 7, grazing. The difference in moisture regimes between the areas 120-m long transects spaced 10 m apart (Fig. 1) . Diffuse knapweed provided an additional dimension to the analysis. Specifically we seedlings, rosettes and bolting stems were counted on the same wanted to know if diffuse knapweed would invade grassland in the l-m2 quadrats at 10-m intervals along each transect. In addition, absence of grazing.
knapweed density was measured on 1 /4-m2 quadrats located at 10-m intervals in a shallow gully which crossed the site (Fig. 1) . test for interaction is desired. We met this requirement by omitting from the analysis counts made along transects 4 and 8 NE/SW, and 7 SE/NW. These transects were omitted because they were near treatment boundaries. The data were blocked according to picloram treatment levels, and differences in the knapweed densities in the seeded and unseeded plots were compared. Knapweed seedling, rosette, and stem densities were each analyzed.
Results
Knapweed densities varied significantly with the grass seeding treatment (Table 1) at the Cache Creek site. Diffuse knapweed was almost excluded from the C WG areas and the density in the R W R areas was approximately l/3 that on the unseeded plots. Crude estimates of plant survival can be obtained by dividing the number of rosettes and stems by the number of seedlings. This indicates that most of the variation among sites must occur at the time of seedling establishment since later survival was similar in all areas. The highest knapweed density occurred in the ditch which ran almost parallel to the sampling transects. Even here the knapweed density was reduced in the CWG area (Table 1) .
There was no significant interaction between the seeding and picloram treatments. Therefore, significant differences among the grass seeding treatments were due entirely to main effects.
The hay mulches were effective in reducing evaporation from the soil surface, and mulched plots remained moist between waterings. Knapweed seed germination was good on the mulched, watered plots, but seedling mortality was almost loo%, possibly the result of the heavy fungal growth under the mulch. On one of these plots, a single rosette was produced at the edge of the mulch. Germination took place on the unwatered, mulched plots as well, and this occurred during and following a cool, showery period in the first week of July. Limited germination occurred on both watered and Table 2 . There were no knapweed plants on the unseeded May plots or on the mulched, June plots. Among the unmulched, June plots, unwatered plots had significantly more seedlings than watered plots (P<O.OOl). This was also true for the May plots (P<O.O5). Among the May plots, significantly fewer seedlings occurred on plots with undisturbed surfaces (p<O.OO 1). On July 25, 1979, only a single seedling remained on any of these plots.
Discussion
The Cache Creek area receives only about 20 cm of precipitation annually. Approximately 6 cm of rain falls in the summer months of June, July, and August: about 50% in June and 50% more or less equitably distributed throughout July and August from convectional storms (R. Williams, personal communication) .
May/ June, and to a lesser extent, August/ September, are critical periods in the diffuse knapweed life cycle when seeds normally germinate and seedlings become established. Adequate moisture at one or the other of these times is essential for seedling survival. Once seedlings have become established as rosettes, however, they are remarkably drought resistant.
The lack of sufficient moisture for successful seedling establishment appears to be the primary factor limiting the spread of diffuse knapweed at the Cache Creek site. This is shown by the knapweed seeding experiments. Germination in June 1978 was good on the mulched plots, but poor on the unmulched plots. In May 1979 only 3-15% of the seed sowed the previous spring appeared as seedlings or rosettes, and by mid July 1979 these all had died. In addition there appeared to be an inverse relationship between elevation and knapweed density. Lower, and therefore moister, areas seemed to be associated with more successful germination and rosette establishment. This was especially true for the gully.
The significantly lower diffuse knapweed densities in the CWG and R WR are probably the result of reduced soil moisture created by these plants, especially by C WG. This species grows early in the spring and withdraws soil moisture then. The poorer seedling to rosette survival in the CWG area implicates moisture as the important cause of mortality since at this stage diffuse knapweed is most sensitive to a water deficit. Watering plots sowed to diffuse knapweed produced an effect opposite to what we expected. During the spring and summer of 1978, seedling counts did not differ between watered and unwatered, unmulched plots. However, in the spring of 1979, there were more seedlings on the unwatered plots. Thus, periodic soil wetting and drying may decrease the viability of knapweed seed in the soil. Apparently, seeds on the sowed plots differed in the amount of moisture or time necessary for germination, and those seeds which germinated most readily following wetting, died when the soil quickly dried out. This was especially true for the seed sowed directly on the unbroken soil surface. Because summer precipitation in this region is from convectional storms, periodic wetting followed by rapid drying is characteristic of summer conditions, and this could deplete the seed bank.
The maintenance of diffuse knapweed stands in dry regions like Cache Creek appears to depend on the precarious relationship between adequate soil moisture and sufficient knapweed seed. The knapweed gall flies Urophora affinis and U. quadrlfasciata, released for biocontrol of diffuse knapweed in British Columbia, have reduced diffuse knapweed seed production at their release sites to about 375 seeds per 1/ 4 m* (Harris 1980) . Such a reduction in seed production at the Cache Creek site may supplement the competitive advantage of the grasses and allow knapweed control even with grazing.
The complete reinvasion of knapweed into the CWG at the Pritchard site was in sharp contrast observed at Cache Creek. We believe this to bedue to the increased availability of soil moisture at Pritchard. Pritchard receives about 50% more summer precipitation than does Cache Creek, with much of this falling in June, the critical month for diffuse knapweed seedling establishment.
Cooler temperatures and better soil structure also contribute to the increased moisture availability, and therefore increased seedling survival.
Unlike at Cache Creek, diffuse knapweed often becomes less dense in gullies and depressions in the Pritchard area (Berube, unpublished data). This suggests that diffuse knapweed is able to outcompete other vegetation over a relatively narrow range of moisture conditions. Knapweed growing in areas where it is marginally adapted is undoubtedly stressed. It is in these areas where control is likely to be most easily achieved. Popova (1960) reported that fertilization encouraged diffuse knapweed over other vegetation.
However, the rate of soil moisture withdrawal by grasses can be greatly increased by the application of nitrogen fertilizers (Sneva et al. 1958 , Black 1968 , Williams et al. 1979 . This suggests that fertilization may be effective in stressing knapweed where conditions are drier than optimal even though it may not under moister conditions.
Biological control of weeds is based on the premise that insect feeding stresses plants and eventually causes a reduction in weed density. If different stresses on plants are cumulative, cultural practices which lower the competitive ability of weeds should enhance the effectiveness of biological control. In drier areas of British Columbia diffuse knapweed is stressed by erratic rainfall associated with summer thunderstorms causing seed germination followed by seedling death as the soil dries. Crested wheatgrass increases the stress on knapweed by using soil moisture for early spring growth. The seed feeding flies Urophora may provide sufficent additional stress on knapweed to cause a major reduction in plant density in these dry areas. Comparative studies on the effectiveness of biological control agents on plants exposed to varying degrees of environmental and cultural stress are necessary.
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